I
f precast concrete is to be a viable means of building frame structures in zones of moderate and high seismicity, a methodology for establishing the ability of precast concrete frames to withstand ground shaking must be developed. The development of ductile (earthquake resistant) frames constructed of precast concrete has been consistently identified as high priority for research in precast concrete design.' Before such research can he meaningfully undertaken, an analytical procedure for assessing performance and subsequently designing systems must be developed. This paper proposes an analytical procedure to accomplish this goal.
HISTORICAL BACKGROUND
An accepted methodology for designing reinforced concrete frames to resist earthquake ground motion has existed since the early 1970s. This procedure provides the design engineer with a set of lateral loads from which an elastic system may be designed. Ductility is presumably provided in the detailing rules, all of which are developed for cast-in-place concrete frames, ACI 318-83 1 describes the special requirements for the design of reinforced concrete frames and the criterion for design of systems which do not satisfy these special requirements, such as those con-structed of precast or precast/prestressed concrete.
A2.1.1: "Appendix A contains special requirements for design and construction of reinforced concrete members of a structure for which the design forces, related to earthquake notions, have been determined on the basis of energy dissipation in the nonlinear range of response." A2.1.5: "A reinforced concrete stnictural system not satisfying the requirements of this appendix may be used if it is demonstrated by experimental evidence and analysis that the proposed system will have strength and toughness equal to or exceeding those provided by a comparable monolithic reinforced concrete structure satisfying this section." Clearly, an analytical procedure which can establish the toughness of frame systems in the nonlinear range of response must be-developed if designs using precast concrete components are to be accepted.
CURRENT DESIGN PRACTICE-NONLINEAR STRUCTURES
System ductility is implicit in modern building codes. System ductility is used to convert acceleration levels developed for elastic systems to a "first" yield design criterion appropriate for the design of a structure, This conversion makes it possible to use elastic design techniques to develop designs for structures which are expected to have a nonlinear response. Response spectrum techniques also require an evaluation of system ductility.
The desired level of system ductility is currently attained through a series of prescriptive requirements for detailing components of the bracing system. These requirements are intended to maximize component ductility. A single
Synopsis
A procedure for assessing the available ductility in a bracing system is developed and presented.
This procedure is especially important in the design of ductile systems constructed of precast and precast/ prestressed concrete components because no specific prescriptive design procedures exist for this type of construction. Rather, the designer is required to demonstrate equivalence "on the basis of energy dissipation in the nonlinear range of response." Currently, no analytical procedure exists to demonstrate such an equivalence. The procedure discussed herein should make such an analytical comparison possible.
order of magnitude of component ductility is required throughout the building regardless of the probable level of ductility demand.
System ductilities are now subjectively assigned. The engineering community combines its understanding of the performance ofelasses of building systems during earthquakes with observed performance of components of structural systems in the laboratory to assign Ievels of system ductilities to the various building systems (see, for example, Table 23 -0 in Ref. 3) .
A rational, objective procedure exists for predicting component ductility. It has been a part of' the analytical processes used to predict and assess the post yield behavior of test specimens. This procedure needs only to he extended to develop a relationship between component and system ductility for it to become a useful design tool. Such a developed procedure could also he used to compare analytically the nonlinear response of bracing systems constructed from various building mate-
P
The methodology described is demonstrated, for analytical simplicity, on a subassembly of steel bars. By using this example, the process can easily be extended to cover the usual components of ductile frames. The author wishes, however, to focus on the procedure and not its application. rials. In addition, it could provide a rational, consistent means of comparing test data compiled from frame subassembly test programs, making it possible for the engineering community to more objectively assign system ductilities to the various building systems.
During the next decade, a considerable amount of effort will be spent on research in the seismic design of precast concrete structures."' The methodologies described herein should make it possible to rapidly assess the merits of various assembly procedures proposed for ductile frames constructed of precast concrete. Furthermore, the procedure permits a comparison of precast concrete systems with cast-in-place prototypes.
COMPONENT DUCTILITY AND THE DESIGN PROCESS
Estimating the post yield behavior of components can involve considerable effort if one is interested in predicting the precise behavior of a test specimen. Much simpler techniques are available if one is interested in only assessing an order of magnitude of deformation level which is consistent with the other assumptions inherent in aseismic design, such as the accuracy of the assumed ground motion. In other words, for design purposes, a bilinear perfectly plastic model adequately describes strain levels in a beam and the associated level of available component ductility.
Component Ductility
The cantilever beam of Fig. 1 has the force-deformation relationship which is portrayed in Fig. 2 . The load points of interest are P,,, the load at first yield (S 1 F,, II), P, the load which produces essentially plastic behavior, and P,,, the ultimate load. The available level of component ductility ( ) is usually stated as the ratio of c]" to either J, or . If the structure were braced by this cantilever beam, as in a shear wall braced building, the system ductility (µ R) would be the same as the component ductility ().
If the design engineer is to be able to properly assess the anticipated behavior of a ductile structure, then he or she must develop a common language which can be used to communicate with the research community. The behavior of the component of Fig. 1 for common construction materials is described here.
Steel sections have clearly defined values of M(S.,F,) and M (Z ,TF.). The force-deformation relationship is not linear below P, (M" /1), and perfectly plastic behavior does not start at P. (M,11). The designer, however, needs an identifiable yield load level for the desired bilinear component model, and M, because it more closely approximates the start of perfectly plastic behavior, is most appropriate and will be used.
The "perfectly plastic" limit (A,) is somewhat more difficult to define. Realize that steel sections used in structures whose ultimate load is set by limit state techniques are, or should always be, compact. To qualify as a compact member plate, stability and mernher stability are assured so long as strain hardening has not occurred. As a consequence, the limit of plastic behavior, 3,,, might reasonably be set at the point of incipient strain hardening in the hinge region.
To develop a design/analyticaI model of component behavior for steel, use the curve shown in Fig. 3 .
For steel, then, these values are described as:
= deflection associated with a strain level of 15 e" in the hinge region Concrete and masonry products require the development of two models to assist the designer in assessing the probable behavior of a ductile component. The differentiation depends on whether or not the component is capable of attaining strain levels above those associated with ultimate unconfined concrete strain (0.003). Walls, for example, need not always he detailed for strain levels larger than 0.003 because they may possess significant levels of ductility at strain levels below ^ for unconfined concrete. When the strain in the concrete (e) exceeds that attainablein unconfined concrete in concrete beams which form a part of ductile frames, confinement is usually required to ensure the attainment of strain levels considerably higher than those associatecl with unconfined concrete in order to attain required levels of ductility.
When strain levels are below a for unconfined concrete, the characteristic points on the force-deformation relationship of Fig. 3 are set based on the first yielding of the reinforcement (P,,, A") and at a strain of e. Analytically, this is complicated because it requires the determination of the curvature at first steel yield, I a condition which often must deal with nonlinearities in the . ,elastic" portion of the stress-strain relationships for concrete. ' Concrete components with good ductility -that is, members which are confined and as a consequence can attain considerably higher levels of ultimate strain (e ' 0.003) -do not, from a designer's perspective, require such a precise definition of P. It is more convenient to establish P" for this type of component at the curvature associated with the nominal moment capacity of the member, when E, reaches 0.003. Conceptually, the difference is explained in Fig. 4 .
The two models can he summarized as: Having established a relationship between forces, deflections and strain levels, it remains only to describe how to determine Q v . The beam of Fig. 1 is now modified to include a plastic hinge (Fig. 5a) . Fig. 5 defines associated curvatures. The formula for the deflection, Ad , follows:
The hinge length, 1 p , requires definition, and various methods have been proposed for its establishment. Clearly, the smaller the hinge length the more conservative the estimate of available ductility. For standardization purposes, a hinge length equal to the member depth is proposed. Hinge lengths may, of course, he treated as a variable.
A simple example follows which should demonstrate the procedure as applied to a steel bar (Fig. 6) . The ductility of the beam is then:
5.80
This is the component ductility and the system ductility for a system braced by a cantilever, such as a shear wall.
SYSTEM DUCTILITY -FRAME STRUCTURES
The extension of this procedure to frame structures relies on being able to model a frame from its subassemblies. The frame shown in Fig. 7 can, with sufficient accuracy for design purposes, be modeled by the subassembly shown in Fig. 7b . Points of inflection will occur at or near midspan for both beams and columns when the frame is subjected to large lateral loads. This subassembly then logically becomes the basic test unit and the basic design unit for assessing available system ductility.
The deformation of a subassembly (see Fig. 8 ), which is part of a ductile frame, can be broken down into three components. These components are column flexure, beam flexure and post yield beam rotation. This presumes, as is usual in ductile frames, that the column is designed to remain elastic when the adjoining beams yield and that the panel zone remains elastic and produces a negligible deformation, though clearly The post yield component of story drift can be expressed in terms of the post yield curvature, 4D,,, following the procedure previously developed (Fig. 5d) . Subassembly or system ductility, j,, iS A. For the subassembly shown, a relatively low value of system ductility is associated with large strain in the plastic hinge region of the beam.
DESIGN IMPLICATIONS
If the designer were to repeat this design problem, i.e., design a similar bracing system for another building, and knew what to expect in terms of elastic acceleration levels, he or she could develop an elastic system designed to a system ductility of 2.9 and expect the strain levels of the components to be about 15 e,,.
The use of these procedures in the design of structures requires an assignment of probable story drifts. Proce-( hires used today in earthquake intensity prediction focus on the development of realistic design levels of acceleration. Criterion so developed probably does not accurately predict probafll ble maximum deformations. As a consequence, an assessment of probable maximum drifts must be undertaken for deformation based procedures developed herein to be meaningfhhiI.
CONCLUSIONS
Deformations and their impact on the behavior of components of ductile frames must he clearly understood if an engineer is to have confidence in a proposed design. Because a post yield deformation analysis requires that member sizes and yield capacities of the components of the bracing system he determined during the conceptual development of a ductile frame, the conceptual development can only be based on a design elastic force criterion. Any accepted design elastic force criterion should have as a common basis the nonlinear response capabilities of the structural systems. The procedures described herein provide an analytical link which should produce a better, more consistent elastic design criterion for ductile bracing systems.
These procedures can also be used to analytically compare the energy dissipation of different materials or assemblies in the nonlinear range of response.
The methodology described can and must be extended into the analysis of precast frame systems. This work will be undertaken in 1989 as part of a National Bureau of Standards research effort entitled "Seismic Testing of Precast Concrete Connections," which has as a focus the behavior of precast frame systems subjected to post yield deformations. The analysis developed herein will he used to compare the energy dissipation characteristics of precast frames with those of cast-in-place frames. Physical testing of model frame assemblies will be a part of the NBS research effort.
